Introduction. -The study of inelastic collisions between slow electrons and polar molecules has been of great interest for quite a while because of both the fundamental significance of the scattering of charged particles from permanent dipoles at energies close to the relevant thresholds and the technological importance of polar gases stopping power for electrons at low temperatures [1, 2] .
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The example of the water (H 2 O) molecule has been particularly popular, both experimentally and theoretically, because this system presents a permanent dipole moment µ = 1.85 debye which is just above the critical value of the dipole, µ crit. = 1.67 debye, the latter being the minimum value of a stationary dipole to bind an electron [2] , although to understand observations solely on the basis of a stationary dipole interaction is not entirely sufficient [3] .
In terms of energy transfer mechanisms, the vibrational energy loss processes, i.e. the vibrational excitation/de-excitation of the normal modes of H 2 O by impact of low-energy electrons, turn out to be fairly important, as the cumulative experience of measured data and of theoretical early models [4, 5] indicated those processes as the ones into which substantial amounts of primary electron energy is being deposited. As a consequence of this relevance, therefore, the scattering cross-sections for low-energy vibrational excitations of the normal modes of water have been analysed several times over the years. Of the latter three modes, however, the two stretching frequencies are almost equal, the symmetric stretching (ν 1 00) being at 0.453 eV [6] for its (0-1) excitation and the asymmetric one (00ν 3 ) being of 0.466 eV [6] . Experiments have therefore measured them as a combination peak, (ν 1 00) + (00ν 3 ), while observing the bending mode, (0ν 2 0) at 0.198 eV [6] , as a separate peak. Seng and Linder [7] obtained experimental differential and integral cross-sections for both the combination stretching and the bending modes at energies below 8 eV. Shyn et al. [8] confirmed their results and extended the measurements up to 20 eV. More recent measurements [9, 10] for electron collision energies between 6 and 20 eV are in general agreement with the older results, but discrepancies appear in the ν 2 mode data. Very low-energy measurements at less than 1 eV of collision energies were also provided by earlier experiments [11] . The corresponding theoretical work has been constant but less intensive, due to the inherent computational difficulties in handling vibrationally inelastic dynamics within a physically correct framework. Thus, the more recent years have witnessed the vibrational close coupling treatment of Nishimura and Itikawa [12] , the R-matrix calculations of Moreira et al. [13] and the most recent extension of the discrete momentum representation method for vibrationally inelastic scattering of electrons for all the three normal modes of water [14] .
None of the above theoretical studies, however, extended down to the threshold peaks experimentally observed by some of the measurements: it is the aim of this work to go down to energies just above the relevant excitation thresholds for the three modes and to further show that it is indeed possible to provide good agreement with the measured data both in that critical energy region as well as above it. In the following section we will briefly summarize our theoretical approach while the next section compares our results with existing experiments and with previous calculations. We will finally summarize our conclusions in the last section of the paper.
The theoretical method. -The details of the present theory have been presented several times before [15] [16] [17] and therefore they will not be repeated here in full, but simply outlined for a better understanding of our present results. The correct evaluation of vibrationally inelastic cross-sections, integral and differential, requires first to solve the Schrödinger equation of the total system for the complete scattering wave function Ψ(E), at the energy E of the scattering process. The corresponding total Hamiltonian therefore is described as a sum of operators like the target molecule Hamiltonian H mol. , the kinetic energy for the scattered electron and the potential interaction between the incident projectile and the (electrons + nuclei) network of the target molecule. No electronic excitation channels or electron impact break-up channels will be considered in the present study. We also assume that the interaction process occurs rapidly enough to consider the (light-atom) asymmetric rotor describing the molecule as keeping a fixed orientation during the scattering. This is called the fixed-nuclear-orientation (FNO) approximation [15] . The total wave function could therefore be written as
Here, χ n is the vibrational wave function of the molecule with its vibrational quantum numbers n ≡ (n 1 , n 2 , . . . , n T ), with T representing the total number of different normal vibrational modes (three in the present case). The variables R and r denote the molecular nuclear geometry and the position vector of the projectile from the center of mass of the target, respectively. The u lνn functions describe the radial coefficients for the wave function of scattered e − and the X lν are the symmetry-adapted angular basis functions [16] . The symbol ν in eq. (1) stands for the indices specifying the irreducible representation and those distinguishing its degenerate members.
After substituting eq. (1) into the Schrödinger equation of the total system under the FNO approximation, we obtain a set of fully coupled equations, for each u lνn function, that now explicitly includes the vibrational channels and are called the body-fixed vibrational-coupledchannel (BF-VCC) equations [17] where k
n ) with E vib. n being the energy of the specific molecular vibration. Any of the elements of the interaction matrix is given by
where
When solving eq. (2) under the usual boundary condition, we finally obtain the integral crosssection for the vibrationally inelastic scattering:
where T lνn l ν n is the T -matrix element for that excitation. The interaction potential between the impinging projectile and the molecular target is represented by a local potential consisting of a sum of an ab initio electrostatic (V st ), an electron exchange (V ex ), and a polarization (V pol ) term. To obtain the V pol in the short range (SR) of the interaction region, we make use of a simple parameter-free model potential (V corr ) based on an electron-electron correlation energy extracted from a density functional formulation of it and applied to polyatomic systems [18] . The V corr term is given by the correlation energy ε corr in the framework of a homogeneous electron gas [19] ,
where ρ denotes the undistorted electron density of the target correctly obtained from HartreeFock calculations. In our model, the SR V corr is connected smoothly to the asymptotic form of V pol spherical component containing α 0 , the target polarizability dipole contribution. As for the electron exchange, use is made of the semiclassical exchange potential adapted to nonlinear targets in our earlier work [20] ,
Comparing calculations with experiments. -The details of the actual calculations have also recently been discussed when electron and positron scattering behaviour was compared over the same range of collision energies [21] , so we briefly summarize in table I the values of the computational and physical parameters employed here and in ref. [21] . Suffice here to remind the reader that we solved vibrationally coupled equations and that the number of vibrational states involved to reach convergence for the (0 → 1) transitions in all three modes was always two, i.e. the inclusion of closed channels right above thresholds, or away from it at the energies where they become open, never changed the values of those (0 → 1) inelastic crosssections. Furthermore, we employed the transition dipole derivatives as produced numerically by our separate calculations for these quantities, ∂µ/R i (R i being the normal coordinates of i-th mode) for all the three normal modes of H 2 O.
The coupling matrix elements of eq. (3) contain the full interaction, i.e. the V st +V ex +V pol , and have in it their explicit dependence on the normal mode R i since all the terms included in the potential have been computed at all the relevant nuclear geometries over a range of values which span each mode vibrational levels up to n = 4. The three modes have been computed as being separately excited during the collision dynamics. Using only two vibrational states in each of the mode calculations yielded essentially converged T -matrix elements in eq. (5): the final cross-sections are considered here to be numerically converged within 1%. Figure 1 reports calculations over the whole range of examined collision energies from each threshold, for the (0 → 1) excitation processes of the symmetric and antisymmetric stretching modes (ν 1 00) and (00ν 3 ), while the next fig. 2 further shows the threshold behavior of the excitation cross-sections of all three modes. The two stretching excitations, ν 1 and ν 3 , have nonvanishing static dipole and dipole polarizability gradient components, with the dipole gradients directed along different directions for the two modes (see table II). These modes are thus affected by the presence of the broad resonant feature around 8 eV that has been assigned to a shape resonance with dominant l = 1 component [22, 23] . Furthermore, correlation effects at SR are also active during the excitation processes of the two stretching [12] and the crosses [14] , The experiments are: filled circles [7, 11] , open triangles [8] and open circles [9, 10] .
motions, hence they are also important in making the resonant feature appear.
On the other hand, we see that the threshold behaviour is instead very different in the two stretch modes, with the ν 1 excitation showing a very strong peak close to its threshold opening while the ν 3 stretching excitation goes down to a finite small value as the collision energy approaches that threshold: this behaviour is also supported by the recent experimental findings of Allan and Moreira which extract integral cross-sections from angular distributions [25] . The strong peak behavior of polar molecule vibrational excitations has been thoroughly discussed in the literature in the past [24, 25] and has been attributed to the long-range (LR) dominance of dipole potential terms during excitation processes at very low impact energies. At such energies, in fact, SR correlation and exchange contributions are less important and therefore the enhanced excitation processes are chiefly driven by LR contributions to the electron-molecule potential. We also see that the ν 2 excitation at threshold (middle panel of fig. 2 ) exhibits a very strong peak, this feature being the same as that shown by the ν 1 excitation and discussed above. To help us to understand such differences, we show in table II the values of the dipole moment derivatives obtained from our calculations and compare them with the experiments [26, 27] . We have further shown in another study on the same system [21] that the dipole polarizability gradients are also fairly strong for the ν 1 and ν 2 modes, while remain very small and nearly negligible in the case of antisymmetric stretching mode ν 3 because of cancellation effects. Our computed dipole gradients of table II show good agreement with experiments for two of the normal coordinates (R 2 and R 3 ) while overestimating its value for the symmetric stretch (R 1 ), which is however dominated by the polarizability gradient contribution. The above therefore suggests that the stretching (ν 1 ) and bending (ν 2 ) modes reinforce their dipole contributions effects at LR by the presence of strong polarizability and quadrupole [12] gradient values, while the ν 3 excitation has almost no polarizability gradient and small quadrupole effects [12] . Hence, it stands to reason to find that the latter asymmetric excitation mode exhibits a smaller peak at threshold when compared with the other (ν 1 , ν 3 ) modes. The behavior of the computed inelastic cross-sections in comparison with the existing experiments (and with previous calculations) is finally shown in fig. 3 , both for the resonance region and for the threshold regions of the three modes. The upper panel reports the ν 2 excitation while the lower panel shows the combined (ν 1 + ν 3 ) excitation processes. We clearly see the following:
1) The agreement between the present calculations and the experiments for the ν 2 mode is indeed very good, improving on the earlier calculations on the resonance region. They also provide for the first time data at very low energies, where our calculations turn out to follow closely the measured data [7] .
2) The combined excitation process is still not well described by all the existing calculations between 2.0 and 8.0 eV, although the present results give in the resonance region the largest computed cross-sections. On the other hand, the threshold region is given remarkably well by the present calculations, the first of its kind at such low energies. We also report in table III the actual values of the computed excitation cross-sections, to facilitate comparisons with either measured or computed future data on this system.
Conclusions. -We have reported quantum calculations of energy loss processes by electron impact on the H 2 O polar molecule, shown to be described with rather good accuracy by the vibrational close-coupling equations with a full interaction from nonempirical models of correlation and exchange effects and an exact description of electrostatic and polarization contributions.
The results compared with experiments indicate good accord with existing data, are improving the agreement achieved by earlier calculations [14] and provide for the first time a description of the threshold behavior of all three modes. It would be certainly useful to extend our model to the treatment of the dissociative attachment channels [28] , an analysis currently of great theoretical interest in various groups [29] . * * * The financial support of the MUIR, the INFM and the EU network EPIC is gratefully acknowledged. One of us (TN) thanks the CASPUR consortium for the award of a fellowship during which this work was carried out.
